We isolated a Bacillus sp. strain that could display broad-spectrum biofilm inhibition. The broad biofilm prevention could be achieved mainly by direct contact between inhibitor and target cells or was accompanied by an interaction with secreted inhibitory compounds. The repression of cell surface fimbria-like appendages of a biofilm producer was also observed; this was considered to contribute to the reduction in mixed biofilms.
B
acterial biofilm can cause enhanced risks of health threats and a multitude of industrial problems (1) . The traditional strategy for biofilm prevention is antimicrobial agent application. However, the performance of a biocidal approach is somewhat limited by biofilm hyperresistance phenotypes (1) . As a result, the development of nonantimicrobial antibiofilm approaches, which focus on the direct limitation of bacterial surface adhesion and biofilm formation, is increasing (2) . Recent studies have suggested that many microbes secrete nonantibiotic compounds within bacterial communities, including signaling antagonists (3, 4) , active biosurfactants (5, 6) , and enzymes (7) (8) (9) , which may regulate biofilm architecture or modulate bacterial interaction. In mixed bacterial communities, bacteria communicate with one another in various ways. Besides signaling molecule secretion, cellular communication can also occur through contact during a negative competitive interaction. This phenomenon has been observed in Escherichia coli cells, which touch other bacteria and inhibit bacterial growth, and has been termed contact-dependent growth inhibition (10) .
In this study, we demonstrated that a bacterium, Bacillus sp. strain SW9, exhibited broad-spectrum biofilm inhibition characteristics in mixed culture biofilms. Interestingly, the biofilm inhibition task was achieved mainly via direct cell-to-cell contact without affecting bacterial growth and was accompanied by interaction with secreted inhibitory molecules. The evidence for this inhibition was subsequently investigated.
Bacillus sp. SW9 displays broad-spectrum antibiofilm activity toward biofilm-forming bacteria. More than 70 bacterial strains were isolated from different water treatment environments: source water, tap water, biofilms attached to the granular activated carbon in a full-scale drinking-water biofilter (Pinghu, China), drinking-water biofilms attached to the pipeline in a drinking-water distribution system (Ningbo, China), and granule sludge in a simulated reactor treating artificial wastewater. Thirteen strains, including the inhibitory bacterial strain (Bacillus sp. SW9) that cannot form biofilm and 12 bacterial strains with strong biofilm-forming ability, were used in this study ( Table 1) . The monospecies and dual-species biofilms of these biofilm formers and their mixed counterparts with Bacillus sp. SW9 were assayed by the use of 96-well polyvinylchloride (PVC) microtiter plates and R2A medium at 28°C as described previously (11) . After 24 h of incubation, the biofilms were stained with crystal violet, the dye was dissolved with ethanol, and the biofilm biomass was determined by measuring its absorbance at 590 nm. Results showed that in the presence of strain SW9, the biofilm formation capacities of all tested biofilm-forming bacteria were significantly reduced (Fig. 1) . The biofilm biomasses were reduced 57.0% to 90.2% compared to their controls (P Ͻ 0.001). This suggests that Bacillus sp. SW9 exhibited strong biofilm inhibitory activity against various species of biofilm-forming bacteria.
Biofilm inhibition happens by direct cell-to-cell contact with Bacillus sp. SW9, accompanied by interaction with diffusible inhibitory molecules. In mixed-species biofilms, biofilm prevention can be achieved either by responding to secreted inhibitory compounds or via direct contact with the inhibitor cells (10, 12) . To determine whether Bacillus sp. SW9 secreted factors that inhibited biofilm formation, we tested the effects of filter-sterilized supernatant and capsular extracellular polymeric substances (EPS) from its stationary-phase culture on biofilm formation. The results showed that these two secreted bacterial compounds displayed completely different biofilm inhibition patterns ( Fig. 2 ; see Table S1 in the supplemental material). With the addition of bacterial supernatant, measurable inhibition of planktonic growth and biofilm formation was detected for three of the tested strains (type I strains), indicating that one group of inhibitory compounds were rich in the supernatant and had both bactericidal and biofilm-inhibiting effects on some bacteria (Fig. 2a) . Meanwhile, in the presence of bacterial capsular EPS, biofilm inhibition was observed without the cell viability being affected for another four tested strains (type II strains), implying that another group of inhibitory compounds were rich in the capsular EPS and might behave like a biosurfactant by shielding bacterial surface characteristics and thus inhibit biofilm formation by some bacteria (13) (14) (15) . Furthermore, the supernatant and capsular EPS of a coculture also exhibited an inhibition pattern similar to that of their single-culture counterpart. This ruled out the presence of inhibitory compounds with respect to the simultaneous appearance of both bacteria (data not shown). However, both secreted bacterial compounds failed to inhibit biofilm formation for all the tested strains, suggesting that other mechanisms might be more important for the broad-spectrum biofilm inhibition by Bacillus sp. SW9. Next, we examined the possibility that contact between the inhibitor and the target bacterium might induce broad-spectrum biofilm prevention. The complexes were cultured in 24-well polystyrene plates and separated by porous polyethylene terephthalate (PET) membranes. The biofilm inhibition was partially or completely abolished when contact between inhibitor and target cells was blocked by 0.4-m pores; however, complete inhibition of biofilms occurred when 8-m pores were used, allowing inhibitor and target cells to mix ( Fig. 3 ; see also Table S2 in the supplemental material). Interestingly, in the case of type I and II strains, coculture with 0.4-m membrane separation did not significantly increase the biofilm-forming bacterial biofilms to the same extent as that of the monoculture, which indicated that Bacillus sp. SW9 might secrete some small diffusible molecules to inhibit biofilm formation by these strains. This result was consistent with our earlier conclusion that some active agents from the supernatant and capsular EPS of Bacillus sp. SW9 were responsible only for narrow-spectrum biofilm inhibition. Nevertheless, significant differences in biofilm biomass between cocultures with 0.4-m and 8.0-m filters were observed for most tested bacteria, with the exception of strain GS5. In addition, biofilm inhibition was not accompanied by growth defects through the spread-plate method (data not shown). These results support the hypothesis that the broad-spectrum biofilm prevention mediated by the bacterium Bacillus sp. SW9 required direct cell-to-cell contact between inhibitor and target cells. Here, strains relying solely on contactdependent biofilm inhibition were defined as type III strains. For strain GS5, biofilm prevention is more likely due to the strong effect of diffusible inhibitory compounds. Competitive interaction through direct cell contact between bacteria is not without precedent. Aoki et al. (10) inhibition system in which certain pathogenic Escherichia coli strains bound to and inhibited the growth of susceptible target cells within a mixed bacterial population. Recently, such growth inhibition has been identified in some other strains (16) (17) (18) . However, the present work is the first known report on the system of contact-dependent biofilm inhibition without growth defects. The presence of Bacillus sp. SW9 would lead to population shifts of biofilms in the environment because some dominant biofilmforming bacteria might be expelled and others might refill their niches. However, the role of strain SW9 in environmental biofilms has yet to be investigated, since the microbial community structure of environmental biofilms is extremely complicated.
Bacillus sp. SW9 induces cell surface alteration. Cell surface extracellular appendages such as flagella, pili, and fimbriae are important to the biofilm formation process (19) . Some antibiofilm molecules, which are secreted by bacteria and are devoid of antibacterial activity against free-living cells, were reported to repress the expression of fimbrial genes and further to prevent biofilm formation. For instance, the surface arginine deiminase of a Streptococcus sp. abolished Porphyromonas gingivalis biofilm by downregulating the expression of both short and long fimbriae (20) (21) (22) . In another study, Lactobacillus acidophilus strains released exopolysaccharides, acting as signaling molecules to affect genes related to curli formation and further prevent biofilm formation by a wide range of Gram-negative and -positive bacteria (23) . Our scanning electron microscopy (SEM) results revealed that the individual type III biofilm-forming strains formed much denser biofilms (Fig. 4a to d) than the biofilms that were developed by cocultures of the strains with Bacillus sp. SW9 (Fig. 4e to  h) . Examination of the monospecies biofilms at higher magnification showed that the cells involved were well connected by filaments (Fig. 4i to l) . These filaments emanated from the cells and extended to the abiotic surfaces, as well as to other cells, thus promoting the cell-to-surface and cell-to-cell interactions. In contrast, such filamentous structures were occasionally detected in multispecies biofilms, and cells were tightly aggregated with the extracellular matrix (Fig. 4m to p) . It is thus likely that the antibiofilm effect was induced by Bacillus sp. SW9-regulated fimbrial repression.
In summary, we isolated a certain bacterium, Bacillus sp. SW9, that could inhibit the biofilm formation of a wide range of bacteria via direct cell-to-cell contact or in combination with secreted inhibitory compounds. Additionally, the fimbrial repression was considered to be responsible for the broad-spectrum biofilm inhibition. Further investigation should include the molecular basis underlying fimbrial repression and biofilm inhibition, which might involve the exploration of a novel strategy in controlling bacterial biofilm formation.
